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Ultrasonic echoes from small or subtle defects in metals may be masked 
by competing "noise" echoes which arise from the scattering of sound by 
grains or other microstructural elements. Algorithms for estimating the 
detectability of such defects consequently require quantitative models for 
microstructural noise. In previous work [1,2] we introduced an approximate 
noise model for normal-incidence immersion inspections using tone-burst 
pulses, and we used the model to estimate signal/noise ratios for brittle 
(hard-alpha) inclusions in titanium alloys. In the present work we con-
sider an extension of that noise model to inspections using broadband inci-
dent pulses. Like its predecessor, the broadband noise model neglects 
mUltiple scattering events, and applies to low-noise, low-attenuation mate-
rials. The broadband model provides an expression for the root-mean-square 
(rms) average amplitude of a given spectral component of the noise, com-
puted on a finite time interval greater than the duration of the pulse. The 
model can be used to analyze backscattered noise to extract a Figure-of-
Merit (FOM) for noise severity which is a property of the specimen and is 
independent of the measurement system. Conversely, if the FOM of the 
specimen is known, the model can be used to predict average noise spectral 
characteristics and average noise levels for various inspection scenarios. 
In the following section we delineate the assumptions of the noise 
model and outline the development of our formalism. We then test the model 
by using it to extract the FOM of a model copper specimen as a function of 
frequency from synthetic noise data. The synthetic noise signals were 
generated using Monte Carlo methods [3], assuming single scattering from 
spherical copper grains having random locations and orientations. We then 
proceed to the application of the model in high-temperature titanium al-
loys. The noise model requires as an input the effective ultrasonic attenu-
ation of the specimen. Three methods for measuring this attenuation are 
discussed and demonstrated for a TI-6246 specimen. We then use the broad-
band noise model to extract the FOM of the specimen, and we show that its 
value is nearly independent of the time interval used for noise analysis. 
Finally, we use the model to predict absolute noise levels for five inspec-
tion scenarios, and we compare these predictions to experiment. 
MODEL DEVELOPMENT 
The normal-incidence immersion inspection geometry addressed by our 
model is pictured in Fig. 1. Note that subscripts 0 and 1 refer to water 
and metal respectively. A transducer, treated as an ideal, focussed piston 
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Fig. 1. Measurement geometry and coordinate system. 
probe having radius a and geometrical focal length F in water, is posi-
tioned a distance F above the metal specimen. An electrical pulse is input 
to the transducer, producing a sound wave traveling in the +Z direction. A 
portion of the sound energy reflects from the front surface of the speci-
men, resulting in an output electrical voltage signal which travels from 
the transducer to the pUlsing source along the coaxial cable. This front-
surface echo serves as "reference" signal which encodes equipment settings 
and transducer efficiency. Using the ultrasonic measurement model of Thomp-
son and Gray [4), the Fourier component of the reference signal at angular 
frequency w=2nf may be approximated as 
( 1) 
The terms in Eq. (1) are fully defined in Ref. [4). Briefly, ~ is the trans-
ducer efficiency, Roo is the plane wave reflection coefficient, a is the 
ultrasonic attenuation of water, ko=2mA is the longitudinal wave number in 
water, zOR=F is the waterpath, and D is a diffraction correction. The trans-
ducer is then lowered, resulting in a new waterpath of Z05' and 
backscattered noise echoes are acquired as the transducer is scanned later-
ally. We seek to develop an approximate expression for the dimensionless 
ratio 
(2) 
Here r. denotes the Fourier component of the noise signal on the finite 
time i~t~rval indicated above, which, in practice, is understood to be 
located between and away from the front and back surface echoes. <> denotes 
the average over many lateral transducer positions. As in Ref. [1,2), we 
assume that the noise signal is an incoherent sum of the signals scattered 
by individual microstructural entities in the metal. These entities may be 
metal grains or collections of grains, but will be referred to simply as 
"grains" in either case. For the moment, we assume that the time window of 
interest is long enough to totally enclose the time-domain echoes produced 
by the backscattering of sound by all grains in some region of the speci-
men. Consider an echo associated with a sound wave which travels directly 
from the transducer to a grain at position (XI'YI,ZI) and then directly back 
to the transducer. The Fourier component of this echo at frequency w may be 
approximated by [4): 
(3) 
Again the precise definitions of all terms may be found in Ref. [4) or in 
Refs. [1,2). Briefly, Tal is the plane wave transmission coefficient, A de-
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notes the scattering amplitude for backscatter, and C accounts for beam 
diffraction and describes the incident ultrasonic displacement field at the 
location of the grain. p,v,u, and k denote density, longitudinal wavespeed, 
attenuation, and wavenumber respectively. Although we do not explicitly 
model mUltiple scattering effects, the ultrasonic beam is assumed to at-
tenuate as it propagates. The term exp(-2U,zl) thus accounts for the reduc-
tion of signal due to the scattering of the beam (by other grains) on its 
round-trip journey to the grain in question. To obtain an expression for 
the ratio of Eq. (2), we proceed as follows. For an incoherent summation of 
signals, the power of the sum equals the sum of the powers of the contrib-
uting signals. Thus we square the modulus of Eq. (3) and sum over all grains 
to obtain the square of the single-frequency modulus for the total noise 
signal. We then replace the sum over grains by a volume integral, and aver-
age over many ensembles of grains. The scattering amplitude IAI is replaced 
by its r.m.s. ensemble average, A . Finally we use Eq. (1) to eliminate the 
transducer efficiency, ~. This re~~lts in 
rrms 
r;-
(4) 
Here n is the number of grains per unit volume, and the product n' /2A is 
defined as the specimen's Figure-of-Merit (FOM) for noise severity. <The 
quantity P has been inserted for later convenience and currently has the 
value unity. Eq. (4) assumes that all single-grain echoes appear within the 
time interval of interest, ta < t < tb. What changes must be made if this is 
not the case? The gated noise signal is then a non-trivial product of the 
total noise signal and a rectangular windowing function. The Fourier compo-
nent of the gated noise is consequenty a convolution of the components of 
the total noise and the window. The mathematical consequences of this con-
volution can be pursued, e.g., as was done by Madsen et al. [5,6]. Here will 
we take a simpler and more physical approach. The primary effect of the 
windowing is to limit the volume integral to sites whose round-trip travel 
times are compatable with the gating interval. We impose this causal limi-
tation by inserting a factor P(OO,X"YI,ZI) within the volume integral. For a 
backscattered echo originating from an "average" grain at location 
(xl,y1,zl), P is defined as the fraction of the echo power which falls 
within the time interval ta<t<tb. Suppose that the time duration of the 
backscattered single-grain echo is d (with d < tb-ta), and that we choose 
our time origin such that t=O corresponds to the center of the observed 
front-surface echo for the noise measurement geometry. Then P will be zero 
outside of (ta-d/2)v,l2 < z, < (tb+d/2)v,l2, and P will be unity near the 
center of this spatial region. The precise manner in which P changes from 
zero to unity as z, is varied will depend on the shape of the echo's enve-
lope function. In the present work we will make the simplest possible 
choice for P, namely, to neglect the time duration of the echoes alto-
gether. Thus in Eq. (4) we set P=l for tav,l2 <= z, <= tbv,l2, and P=O outside 
of this interval. This approximation is expected to work best when the 
duration of the gate is long compared to the duration of individual echoes. 
(In practice, the P = 0 or 1 approximation generally leads to differences 
of a few percent when compared to calculations using realistic P functions, 
even when the time interval of interest is only slightly longer than the 
pulse duration.) Although not rigorously correct, Eq (4) has the advantage 
of relating the value of the material FOM at one frequency to an average 
noise spectral component at the same frequency. This greatly simplifies 
both the extraction of FOM values from noise data, and the subsequent pre-
diction of noise characteristics for hypothesized inspections. To further 
simplify the calculations presented here, we will use the Gaussian Beam 
Model [7] for the computation of the field quantity C. This allows the 
integral of ICI' over Xl and Yl to be performed analytically. In particular, 
for a piston transducer with radius a, focal length F, and angular fre-
quency 00, the Gaussian beam approximation leads to: 
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Zo + (::)z1 and o = 3.539 Vo F where Z = -- (5) 
roa 
2 
The practical use of Eq. (4) also requires the diffraction correction term 
for the reference signal. For the geometry of Fig. I, we use 
s = (6) 
where I n denotes the Bessel function of order n. 
A TEST OF THE MODEL USING SYNTHETIC NOISE DATA 
A method of generating synthetic time-domain noise signals for weakly 
scattering equiaxial materials has recently been reported [3]. Briefly, the 
metal specimen is viewed as an ensemble of spherical single-crystal grains 
whose centers and orientations are chosen randomly. Grain diameters are 
proportional to nearest-neighbor distances, with the constant of propor-
tionality chosen to conserve total volume. The backscattered echo from each 
grain is computed using Eq. (3), and the echoes from all grains are summed 
to obtain the total noise signal. When applying Eq. (3), each grain is 
viewed as an anisotropic inclusion in an isotropic host medium, and the 
Born approximation is used to compute the scattering amplitude. The proper-
ties of the host medium are obtained from the Voigt average over all 
grains. This Monte-Carlo method was used to test the ability of the broad-
band noise model to extract the material FOM from noise data. To do 
this, the Monte-Carlo method was used to generate 100 synthetic noise sig-
nals for a hypothesized normal-incidence inspection of a copper specimen 
using a focussed transducer [3]. A specific broadband reference signal 
having a 5-MHz center frequency and a duration of about 0.9 ~sec was as-
sumed. The noise signals, which were produced on a time mesh with a 100 MHz 
sampling rate, were then used as input data for the broadband noise model 
of Eq. (4). A fixed time window of 2.55 ~sec duration (containing 256 time 
points) was imposed, and the FFT was computed for the portion of each noise 
signal which fell in the window. The FFT of the reference signal was also 
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Fig. 2. Exact FOM for a model specimen of equiaxial copper, and that 
extracted from synthetic noise signals using the broadband inde-
pendent scatterer noise model (ISM) of Eq. (4) . 
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computed on an interval of similar duration. The ratio of Eq. (2) was then 
determined. Finally, Eq. (4) was used to solve for the FOM at selected fre-
quencies in the bandwidth. The results are shown in Fig. 2, and compared 
with the exact FOM which was determined from the distribution of grains 
assumed in the Monte-Carlo calculation. The histogram in Fig. 2 displays 
the relative values of <Ir . 12>, and hence measures the bandwidth of the 
backscattered noise power.nThe extracted and exact FOM values are seen to 
be in good agreement where the noise power is appreciable. Like the broad-
band noise model, the Monte-Carlo calculation makes use of Eqs. (1) and (3), 
and employs the Gaussian beam model. The comparison shown here is then 
principally a test of the incoherent addition principle, and the causal 
approximation adopted for the treatment of the windowing problem. 
DETERMINATION OF EFFECTIVE ATTENUATION 
We now proceed with application of the broadband noise to high-tem-
perature titanium alloys. In particular, we will consider a single specimen 
of Ti-6AI-2Sn-4Zr-6Mo supplied by an aircraft engine manufacturer [8). 
Polishing and etching the specimen revealed microstructure on two length 
scales. On a coarse scale, irregularly shaped regions with dimensions of a 
few millimeters are seen. These are thought to be prior beta grains 
(PBG's), i.e. regions which were beta-phase (cubic) single crystals at an 
early, high-temperature state in the processing history. Within these re-
gions are much smaller alpha (hexagonal) and beta grains, the former having 
a needle-like appearance with diameters of a few microns and lengths on the 
order of 100 microns. X-ray diffraction studies on similar specimens [9) 
suggest that there is partial alignment of crystalline axes for grains 
within a given PBG. 
The practical use of Eq. (4) to extract FOM values from noise data, or 
to predict noise characterictics if the FOM is known, requires that the 
effective attenuation of the metal be known. Three methods were used to 
estimate u 1 for the TI-6246 specimen, and results are displayed in Fig.3. 
For Fig.3a we used a standard method based on deconvolving multiple back-
surface (BS) echoes. The specimen was ensonified using a broadband planar 
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Fig. 3. Estimating the effective attenuation of a TI-6246 specimen by 
a) analyzing back surface echoes, b) analyzing the depth depend-
ence of noise, and c) examining the time-dependance of deduced FOM. 
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15 MHz transducer, and the first and second BS echoes were recorded at 
various positions along the specimen. FFT's of these echoes were computed, 
and formulae similar to Eq. (1) were used to deduce a, from the ratios of 
frequency components. Large variations in the strength and appearance of 
the BS echoes were observed as the transducer was scanned above the speci-
men. These variations are responsible for the large standard deviations 
evident in Fig.3a, and are believed to result from phase-front distortion 
by velocity variations between neighboring PBG's. Such distortion would 
lead to deduced attenuation values which were too high. 
Fig.3b displays a, values deduced by examining backscattered noise 
echoes from layers at different depths in the specimen. The procedure used 
is similar to that of Nagy and Adler (10), except we vary the waterpath to 
correct for diffraction effects . Briefly, using a waterpath of Zo we exam-
ine the rms average spectral components of noise on a time interval of 
fixed duration, with center time tc after the front-surface echo. This noise 
is assumed to originate from a layer whose center is located at a depth of 
z,c = tcv)/2 in the solid. We then simultaneously change the waterpath and 
the center of the time interval in such a way that Zo + z,c(v,/vo) remains 
constant. In the absence of attenuation, the radiation pattern in the solid 
layer is then approximately the same for all layers studied. The rms noise 
spectral component at frequency f is assumed to be proportional to 
exp(-2zoa o(f) - 2z'Ca)(f)), and a)(f) can be deduced from the slope of the 
log of the spectral component versus waterpath if the attenuation of water 
is known. Using a IS-MHz broadband focussed transducer, backscattered noise 
echoes were obtained at 500 locations above the TI-6246 specimen at each of 
5 waterpaths. The attenuation extraction procedure was then carried out for 
several choices of the initial time interval. The means and standard devia-
tions of the resulting a, values are shown in Fig.3b, and are consistent 
with a, - 0 for f < 20 MHz. 
A third method of determining effective attenuation is to repeatedly 
extract the FOM from backscattered noise, assuming different values of a) 
for each extraction. One then selects that value of a, for which the ex-
tracted FOM is independent of the depth in the specimen from which the 
noise originates. This method, which requires a detailed noise model and 
knowledge of transducer characteristics, is demonstrated in Fig.3c. 
Backscattered noise echoes were acquired from the TI-6246 specimen using a 
planar transducer emitting a l5-MHz toneburst. The model and method of 
Ref. [2] were used to determine the FOM at IS-MHz as a function of time. The 
calculation was repeated three times, assuming a, values of 0, 0.07, and 
0.14 nepers/cm, respectively. The FOM was observed to be least dependent 
on time (depth) for the a, = 0 extraction, and thus in good agreement with 
the results of Fig.3b. 
FOM EXTRACTION AND NOISE LEVEL PREDICTION 
Based on the studies of the previous section, we assumed that the 
effective attenuation of the TI-6246 specimen was approximately zero for f 
< 20 MHz. With this knowledge, the FOM of the specimen was extracted from 
noise data. Backscattered noise signals were obtained at 500 positions 
above the specimen using a F=9.65cm, a=0.607cm, 15 MHz broadband trans-
ducer. The waterpath was zos=lcm, and the waveform sampling rate was 100 
MHz. The rms noise level as a function of time, normalized by the amplitude 
of the reference signal is displayed in Fig.4a. (See [1) for the precise 
definition of this quantity.) The mean noise level peaks near the time 
required for round-trip travel to the focal zone in the solid. Eq. (4) was 
used to extract the FOM as a function of frequency from the back scattered 
noise waveforms. The procedure was repeated several times, using the dif-
ferent time windows indicated in Fig.4a. Fig.4b displays the deduced FOM 
values for windows 1, 2 and 3, which have a common center but durations of 
1.27, 2.55, and 5.11 microseconds, respectively. Fig.4c displays the de-
duced FOM values for windows 4-8, which have a common duration (2.55 ~s) 
but differing centers. For these studies, the duration of the front-surface 
reference echo was approximately 0.3 ~s, and the bandwidth of the 
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Fig. 4. a) RMS grain noise level observed in a focussed-probe inspection 
of a T1-6246 specimen. b) Deduced FOM values using time intervals 
1,2,and 3. c) Deduced FOM values using time intervals 4-8. 
backscattered noise was typically 10 - 18 MHz at 20% (-7 db) of peak power. 
The FOM, being a property of the specimen alone, should be independent of 
the details of the extraction procedure, and, specifically, independent of 
the location and duration of the window used for FFT operations. This is 
seen to be approximately true in Fig.4. Figs. 4b and 4c also display FOM 
values deduced for this specimen from tone-burst studies using the earlier 
version of the noise model and extraction procedure described in Ref. [2). 
The toneburst entry at 15 MHz resulted from five measurements using 5 dif-
ferent transducers; the entries at 10 and 20 MHz each resulted from a 
toneburst measurement using a single focussed probe. The FOM values result-
ing from the broadband and tone-burst analyses are seen to be in reasonable 
agreement. The FOM peak near 18 MHz may be associated with resonant scat-
tering from the needle-like alpha grains, or clusters of such grains within 
a given PBG. For this peak, k,d=l at d - 100 mm. 
Once the FOM has been determined, Eq. (4) can be used to predict noise 
characteristics for various inspection scenarios. To demonstrate this capa-
bility we have used the broadband noise model to calculate rms noise levels 
for five toneburst inspections of the T1-6246 specimen which employed five 
different transducers (two planar, three focussed) and were previously 
reported [2). Here we are regarding a tone-burst pulse as a special case of 
a broadband (general) pulse. The assumed FOM(f) function was the mean value 
of the FOM curves displayed in Figs 4b-c. For each simulation, Eq. (4) was 
used to determine rr~/rR for a specified time window from the FOM and the 
known inspection parameters. Parseval's theorem was then used to calculate 
the rms noise level (averaged over transducer position and over time within 
the window). A convenient way to employ the theorem is to write 
m 
2 !L Irrms(f) 12 
«Vnoise» i=l 
= m m (7) ;L [VR(t)] 2 ;L IrR(f) 12 
i=l i=l 
Here «v2nois.» denotes the square of the backscattered noise voltage aver-
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Fig. 5. a) Rms noise levels observed in a TI-6246 specimen for each of 
five transducers. b) Rms noise levels predicted by the broadband 
noise model for the same five transducers. 
aged over transducer position and over the time interval of interest (which 
is assumed to contain m discrete time values). VR(t i ) are the digitized 
reference signal voltages on a time interval of similar duration, and rR(f i ) 
are their discrete Fourier components. The position-averaged rms noise 
spectral components, r (f), are obtained from Eq. (4). The predicted and 
measured average noisermiev~ls, normalized by the amplitude of the front-
surface reference echo, are compared in Fig.S for each transducer and for 
several choices of the time window. All windows had durations of 1.27 ~s, 
and the centers of the windows are indicated by the plotted points. The 
overall agreement between theory and experiment is seen to be quite good. 
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